Cystatin-related epididymal spermatogenic protein (CRES, also CST8) is expressed in both the testis and epididymis and found associated with spermatozoa. It appears as nonglycosylated (14 and 12 kDa) and glycosylated isoforms (19 and 17 kDa). The role of CRES remains enigmatic and is dependent on localization of its isoforms, which is the objective of this study. Our initial approach was to investigate testicular origins of these isoforms by immunohistochemistry and immunogold electron microscopy. We confirmed previous reports that CRES was expressed in the cytoplasm of elongating spermatids from step 8 to step 16. However, we noticed that the pattern of testicular expression was reminiscent of outer dense fiber (ODF) and fibrous sheath (FS) proteins. Western blot analysis of extracts of cauda epididymal sperm revealed a nonionic, detergent-insoluble 14-kDa CRES isoform. To further pinpoint and confirm CRES localization we separated sperm heads and tails and extracted the tails with progressively harsher protein solubilizing agents. Western blots of these sequential extracts, designed to progressively remove the mitochondrial sheath and the ODFs or FS, detected a CRES-immunoreactive 14-kDa band associated with the accessory fibers of the tail. Immunogold labeling was concentrated over growing ODFs in the testes and persisted in spermatozoa. This study discovers a CRES isoform that assembles as part of the ODFs during the elongation and maturation phases of spermiogenesis and is retained as a covalently bound component of the ODFs in spermatozoa.
INTRODUCTION
The mammalian sperm head and tail contain specialized structures that perform specific functions. The tail is composed primarily of four structures that lie under the plasma membrane: the axoneme, the nine outer dense fibers (ODFs), the mitochondrial sheath (MS), and the fibrous sheath (FS) [1] [2] [3] [4] . The FS, composed of two longitudinal columns and ribs that connect them, surrounds the ODFs in the principal piece of the tail, whereas the MS surrounds the ODFs in the midpiece of the tail. Under the plasma membrane, the sperm head is composed primarily of the nucleus, which contains condensed chromatin; the acrosome, a membrane-bound secretory vesicle; and the perinuclear theca, which lies between the acrosome and the nucleus. The acrosome contains secretory and membranebound proteins, such as IAM38 [5] , acrosin [6] , and MMP2 [7] , that facilitate binding and penetration of the zona pellucida during fertilization [8, 9] . The membrane surrounding the acrosome is divided into the outer acrosomal membrane and the inner acrosomal membrane (IAM), which are continuous with each other. The localization of proteins in spermatozoa is an important early step in determining its role, as different compartments are responsible for different functions. For example, the perinuclear theca contains proteins important for oocyte activation [10, 11] , the IAM contains proteins involved in sperm binding and penetration through the zona pellucida [5, 12, 13] , and the FS contains enzymes important for sperm glycolysis [14] .
The formation of spermatozoa occurs during spermatogenesis within the seminiferous tubules of the testis. Undifferentiated spermatogonia undergo meiotic, mitotic, and structural changes in a highly regulated, synchronized, stepwise manner to become highly specialized spermatozoa with specialized functional compartments. In mice, one cycle of the seminiferous epithelium consists of 12 stages lasting a little less than 9 days, and there are approximately four cycles during the process of mouse spermatogenesis [15] . Most of the functional components of spermatozoa develop in the latter third of spermatogenesis, called spermiogenesis. Spermiogenesis is divided into four phases and the spermatogenic cells are classified as round or elongated spermatids, which can be assigned steps from 1 to 16 [15] . Spermatozoa undergo important changes during the key events of epididymal maturation and capacitation, which are required for sperm to acquire the ability to fertilize the oocyte [16] . These changes include the development of motility and membrane fusion ability necessary for the acrosome reaction to occur. Enzymes play an important role in this maturation process, and their inhibitors are essential to ensure proper regulation of enzymatic activity [17] .
Cystatin-related epididymal spermatogenic (CRES, also CST8) protein is found in reproductive tissues and the gonadotropic cells of the anterior pituitary gland [18, 19] . There are two CRES isoforms, 12 and 14 kDa in size, which can also appear as glycosylated forms of 17 and 19 kDa, respectively [19] . CRES is the defining member of a new subgroup within the family 2 of the cystatin superfamily of cysteine protease inhibitors. However, it lacks two of three consensus sites necessary for cysteine protease inhibition, and has a poorly conserved N-terminal region responsible for tight binding with cysteine proteases [20] . In vitro, CRES is unable to inhibit the cysteine proteases papain and cathepsin B but inhibits the serine protease prohormone convertase 2, which processes various prohormones into their active forms [21] . The Cres gene knockout mice (À/À) exhibit fertility defects in vitro, including reduced ability of spermatozoa to bind to the zona pellucida and fuse with the oocyte [22] . Additional studies have shown that Cres À/À spermatozoa are unable to undergo the progesterone-induced acrosome reaction and show reduced protein tyrosine phosphorylation associated with capacitation, suggesting important roles for CRES during fertilization [22] .
A CRES isoform was previously reported to originate and reside in the sperm acrosome, and more recent studies show that CRES localizes to the sperm acrosomal matrix [23, 24] , which is consistent with the fertility defects observed in the Cres À/À mice. Intriguing, however, is that the peak of CRES expression occurs after acrosome formation [25] [26] [27] , during the spermatid elongation and maturation phases of spermiogenesis (steps 8-16), whereas its transcript peaks in steps 7 to 10 [28] . Therefore, the major objective of this study was to find out whether any CRES isoforms were assembled as permanent constituents of the spermatozoon during the elongation and maturation phases of spermiogenesis. Our approach in examining the origins of CRES in the mouse testis and spermatozoon was combining EM immunocytochemistry with sperm cell fractionation and immunoblotting. By this methodology, we report that a 14-kDa CRES isoform is assembled during spermiogenesis as a permanent ODF-associated protein of the sperm tail.
MATERIALS AND METHODS

Sperm Collection and Preparation
Male retired breeder CD1 mice 3-4 mo of age were purchased from Charles River, housed under a 12L:12D cycle, and allowed free access to food and water. Animals were treated under a protocol approved by the Queen's University Animal Care Committee. They were killed by cervical dislocation, and the epididymides were cut to separate the caput and cauda and cut into small pieces with opposing razor blades in PBS, pH 7.4, containing Complete Mini EDTA-free protease inhibitor cocktail (Roche Diagnostics) to allow epididymal sperm to diffuse into the fluid. The fluid and tissue were filtered using 120-micron Nytex netting to separate epididymal epithelial clumps from sperm, and centrifuged at 1000 3 g at 48C for 10 min in order to obtain epididymal spermatozoa in the pellet and epididymal luminal fluid in the supernatant. Spermatozoa from the cauda epididymis were chosen for examination as they represent spermatozoa that have finished the process of epididymal maturation. Cres À/À mice were generated through targeted disruption of the Cres gene by InGenious Targeting Laboratory, Inc., and were genotyped using PCR [22] .
Isolation of Sperm Heads and Tails
To detach sperm heads from tails, epididymal spermatozoa suspended in PBS containing PMSF were sonicated on ice for 10 sec three times, being cooled between each sonication for 30 sec, using a Vibra-Cell sonicator (Sonics and Materials Inc.). Sonicated spermatozoa were centrifuged at 48C for 10 min at 14 000 3 g and sonicated supernatant collected. The pellet containing detached heads and tails was washed three times by resuspension in PBS and centrifugation at 10 000 3 g for 5 min at room temperature.
The sonicated pellet was resuspended in an 80% sucrose gradient in PBS and centrifuged at 150 000 3 g in an angle rotor for 120 min at a temperature of 48C to separate sonicated sperm heads and tails. Isolated heads are denser than 80% sucrose and were found on the centrifugal side of the centrifuge tube, whereas tails are less dense than 80% sucrose and were found on the opposite side. The heads and tails were separately collected, washed three times by resuspension in PBS, and centrifuged at 10 000 3 g for 3 min at room temperature. Resuspension and reultracentrifugation in 80% sucrose were performed if analysis of the head and tail samples by phase microscopy indicated a sample purity of ,99% for both heads and tails. Initially, the tail pellet was further purified by resuspension in PBS containing 35% sucrose, which was layered over a 65%/75% discontinuous sucrose gradient buffered in PBS. This discontinuous gradient was spun at 100 000 3 g for 1 h at 48C and a pure tail fraction collected between the 65% and 75% interface. This latter step was only done to insure that there was no particulate contamination carried by the tail fraction through the preceding 80% sucrose gradient. No measurable differences were found between these two fractions, and as a result tails isolated from the 80% gradient were routinely used in this study.
Extraction of Spermatozoa
To extract the soluble contents of the acrosome and sperm cytoplasm, some spermatozoa were resuspended in 1% nonyl phenoxylpolyethoxylethanol (NP40) in PBS and continuously agitated overnight at 48C. They were then centrifuged at 48C for 10 min at 14 000 3 g and the supernatant was collected. The pellet was washed three times by resuspension in PBS and centrifugation at 10 000 3 g at room temperature for 5 min.
Utilizing a procedure used previously to extract the MS, isolated tails were resuspended in 2% Triton X-100, 5 mM dithiothreitol (DTT), 50 mM Tris-HCl, pH 9 (Triton-DTT), and continuously agitated for 15 min at room temperature [29] . They were then centrifuged at 14 000 3 g at 48C for 10 min and the supernatant was collected. The pellet was washed with 50 mM Tris-HCl, pH 9, twice, and then extracted again as described above with Triton-DTT for a further 15 min. After repetition of the previous centrifugation and washing, the pellet was further resuspended either in 4.5 M urea, 25 mM DTT, 25 mM TrisHCl, pH 9 (urea-DTT) to extract the ODFs and retain the FS, or in 1% SDS, 2 mM DTT, 25 mM Tris-HCl, pH 9 (SDS-DTT) to extract the FS and retain the ODFs [29, 30] . The tails in SDS-DTT were extracted for 30 min, washed with 25 mM Tris-HCl, pH 9, and extracted again for a further 90 min, in the same conditions as previously described. The tails in urea-DTT were extracted for 30 min, a further 90 min, and a further 60 min, being washed between each extraction. All the extracts and final pellets were collected for Western blot analysis. In summary, Triton-DTT solubilized the MS from the sperm tails, SDS-DTT solubilized the FS, and urea-DTT solubilized the ODFs [29, 30] . 
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Western Blot
Samples were suspended in Laemmli buffer and boiled for 10 min before loading. They were separated by 13.5% or 15% SDS-PAGE gel and transferred onto polyvinylidene difluoride (PVDF) membrane. The PVDF membranes were blocked for 30 min in 10% milk in PBS-T (0.05% Tween-20), and were incubated with polyclonal affinity-purified rabbit anti-mouse CRES antibodies (4 lg/ml) (anti-CRES) in 2% milk in PBS-T overnight at 48C. The CRES antibody was raised against a denatured mouse recombinant CRES protein and affinity purified using a His-CRES column as previously described [28] . The blots were washed for 5 min six times in PBS-T and incubated with a goat antirabbit IgG HþL antibody conjugated to horseradish peroxidase (1:25 000; Vector Laboratories) in 2% milk in PBS-T for 3 h at room temperature. They were washed in PBS-T for 5 min six times and incubated with Pierce SuperSignal peroxide and luminol/enhancer solution (Thermo Fisher Scientific Inc.) and exposed to x-ray film.
Immunohistochemistry
Immunolabeling was performed using an avidin-biotin-peroxidase complex kit from Vector Laboratories. Testicular tissues were fixed in Bouin fixative and embedded in paraffin and 5-lm sections placed on slides. Slides were deparaffinized using xylene, hydrated using increasingly diluted ethanol solutions, and treated to abolish endogenous peroxide activity and residual picric acid and to block free aldehyde groups [31, 32] . They were then incubated in 300 mM sodium citrate and microwaved at 100% power for 2 min, followed by 15 min at 20% power, using a conventional 1100-W microwave (Danby Products Ltd.). Sections were allowed to cool to room temperature and incubated with avidin blocking serum for 15 
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(0.1% Tween-20), and incubated with avidin-biotin complex (1:1) for 30 min, followed by washing with TBS (0.1% Tween). The slides were incubated in a 0.03% hydrogen peroxide, 0.1 M imidazole, and 0.05% diaminobenzidine tetrahydrochloride solution in TBS pH 7.5 for 8-10 min, washed with deionized water for 5 min twice and tap water for 5 min, and incubated in 0.1% methylene blue for 1 h. Finally, the sections were washed with tap water for 5 min and deionized water for 2 min twice, followed by dehydration with increasingly concentrated ethanol solutions, clearance with xylene, and mounted with coverslips using Permount slide mounting fluid (Fisher Chemicals) [31] .
Analysis of seminiferous tubule staging was performed using criteria used by Russell et al. [15] .
Immunogold Electron Microscopy
Tissue embedding, preparation, and immunostaining followed the procedures of Yu et al. (2009) [27] . Briefly, testes and epididymides were perfused fixed in 4% paraformaldehyde and 0.8% glutaraldehyde, embedded in LR white (Canemco Inc.), cut into ultrathin sections, and mounted on formavarcoated nickel grids. All solvents and solutions were double filtered before use with P8 Fisherbrand filter paper, except for antibodies. Grids were floated tissue side down on drops of various solutions. They were first blocked with 5% NGS in TBS before incubation with 40 lg/L anti-CRES antibodies overnight at 48C. Subsequently, the grids were washed extensively in TBS (0.1% Tween-20, pH 8) followed by blocking with 5% NGS for 15 min. They were incubated in 10 nm gold particle-conjugated goat anti-rabbit IgG 
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counterstained with uranyl acetate and lead citrate, washed with deionized water, and dried. Photographs were taken using a Hitachi 7000 transmission electron microscope.
RESULTS
CRES Localization in the Mouse Testis
Comparison of anti-CRES immunoperoxidase-stained wildtype Cres þ/þ and knockout Cres À/À mouse testes confirmed previous studies [28] indicating that CRES expression occurs mainly in elongating and elongated spermatids (Fig. 1) . Spermatogonia, spermatocytes, and round spermatids appeared unreactive. CRES first appeared in the cytoplasmic lobe of early elongating spermatids in step 8 (Fig. 2, A and B) , intensified during steps 9-12 (Fig. 2, C-F) , reached a peak in steps 13 to 15 (Fig. 3, A-D) , and diminished in steps 15-16 (Figs. 2, A and B, and 3, E and F), just before spermiation. Spermatid heads and nuclei, counterstained blue, were devoid of any associated immunoperoxidase activity (Figs. 2 and 3) . Importantly, immunostaining was restricted to the cytoplasmic lobe of elongated spermatid tails and to the tail pieces projecting into the seminiferous lumen, indicating that CRES may be present as a component of the sperm tail (Fig. 3) . For controls, sections of Cres À/À testes were unreactive to anti-CRES antibody (Fig. 1B) . In addition, anti-CRES antibody preincubated with recombinant CRES protein was unreactive on wild-type testes sections (not shown).
Immunoblotting of CRES in Head and Tail Fractions of Cauda Spermatozoa
Immunoblots of nonionic detergent extracts (Fig. 4A, lane  1) from cauda epididymal spermatozoa did not detect the expected CRES isoforms in these fractions [24] . This suggested that our chemiluminescent detection was less sensitive than that of other investigators and/or that CRES may have been proteolytically digested by the release and activation of acrosomal proteases during the overnight extraction of cauda spermatozoa in NP-40 at pH 7.4. However, the detergent-extracted sperm pellet revealed a prominent 14-kDa anti-CRES reactive band (Fig. 4A, lane 2) . In order to identify the location of the detergent-insoluble CRES in cauda epididymal spermatozoa, sperm were fractionated by sonication and separated by centrifugation into three component parts consisting of supernatant, heads, and tails. As previously documented [8] , the sonicated supernatant contained the plasma membrane and contents of the acrosome, excluding the IAM, which remained on the sperm head. The sucrosedensity-isolated sperm heads were made up of an intact nucleus, nuclear envelope, perinuclear theca, and IAM and a partially intact equatorial segment. The sucrose-density-isolated sperm tails contained an intact axoneme, connecting piece (CP), ODFs, FS, and MS. In this manner, we were able to separate the functional components of spermatozoa in a way that detergent extractions could not. Of the three fractions obtained from cauda spermatozoa, immunoreactivity was exclusive to the tail, where a 14-kDa anti-CRES reactive band was found (Fig. 4B, lane 3) .
Immunoblotting Shows CRES Resides in DetergentInsoluble Accessory Sperm Tail Components
Because CRES immunoreactivity was found in the isolated tail fraction, we performed sequential extractions of isolated tails with increasingly harsh denaturants to find out by immunoblotting in which tail component CRES resides. Western blot comparison of whole wild-type Cres þ/þ and Cres À/À cauda spermatozoa revealed that of the major anti-CRES reacting protein bands of 66 and 14 kDa, only the 14- (4), and the pellet after extractions (5) exposed to anti-CRES.
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kDa band could be considered specific ( Fig. 5A ; also see [24, 28] ). In the first extraction step of isolated cauda tails, the nonspecific 66-kDa band was extracted during the first of two 15-min incubations in Triton-DTT (Fig. 5B, lane 1) , a protocol that was designed to denude the MS from the midpiece [30] . The mitochondrial origin of this band was confirmed by immunogold electron microscopy (see Fig. 6 ), eliminating the possibility that immunolabeling seen elsewhere may be due to this nonspecific activity. Further incubation of the washed Triton-DTT-insoluble tail pellet in the harsh protein solubilizing conditions of urea-DTT or SDS-DTT, previously shown to extract the FS and ODFs, respectively [29] , was effective in extracting the specific 14-kDa band (Fig. 5, B and C) . This suggested that CRES is ionically and covalently bound to one or both of the two accessory tail components, the ODFs or FS, remaining after Triton-DTT extraction.
Immunogold Electron Microscopy Shows CRES Is Associated with ODFs
An ultrastructural study of Triton-DTT-extracted isolated tails was then performed to further elucidate which accessory tail component CRES may be associated with. Anti-CRES immunogold labeling of cauda epididymal sperm tails revealed nonspecific labeling over the MS and specific labeling over the ODFs (Fig. 6A) . Extraction of isolated sperm tails with Triton-DTT solubilized the MS but retained the ODFs and FS (Fig.  6B) . Removal of the MS was coincident with the extraction of the anti-CRES 66-kDa cross-reacting protein (Fig. 5, B and C) , suggesting that this 66-kDa protein is found in the MS. After this extraction step the immunogold labeling was restricted to the ODFs (Fig. 6B) , coincident with retention of the 14-kDa anti-CRES immunoreactive band after Triton-DTT extraction (Fig. 5, B and C) , which is CRES.
Testicular and cauda epididymal spermatozoa were also analyzed by immunogold labeling to confirm that CRES is associated with ODFs during spermatogenesis and throughout epididymal transit. CRES was associated with the ODFs in testicular spermatids (Figs. 7 and 8) . Immunolabeling was also found in the CP (Fig. 7) , which is not unexpected because the CP and ODFs are structurally and compositionally continuous [1, 29] . The residual body, which contains the superfluous cytoplasm of spermatids, was also positively labeled (Fig. 8) , indicating that excess CRES produced in the maturing spermatid is phagocytosed by the Sertoli cell, just as excess ODF proteins are [31] . CRES labeling in the ODFs and CP was retained in cauda epididymal spermatozoa (Fig. 9 ). Unrelated affinity-purified immune sera and secondary antibody alone that were used as immunolabeling controls were unreactive with the ODFs and CP in testicular spermatids and epididymal spermatozoa (data not shown). CRES was associated with the ODFs from the time elongated spermatids appeared in the testis until cauda spermatozoa matured in the epididymis.
DISCUSSION
Our study discovers a 14-kDa CRES isoform that resides in the ODFs of the sperm tail. This isoform of CRES is synthesized in the testis and assembled as part of the ODFs during the elongation and maturation phases of spermiogenesis.
The ODFs surround the axoneme of the sperm flagellum and are fixed proximally to the CP. As they proceed distally, each of the nine ODFs is attached to its neighboring microtubular doublet of the axoneme. Evidence for CRES as a constituent of the ODFs was demonstrated in this study by the presence of a 14-kDa anti-CRES immunoreactive band in the detergent-resistant and reducing agent-resistant mitochondrial-depleted sperm tail fraction of epididymal spermatozoa. Immunogold-labeled sections of testicular and epididymal spermatozoa confirmed this analysis. From a developmental point of view, the presence of CRES in the ODFs is not surprising, as CRES shows the same pattern of expression as ODF proteins [33, 34] . Our study, as well as two others [28, 35] , demonstrates that CRES expression during spermiogenesis is restricted to elongating spermatids and very late round spermatids. CRES expression begins in step 7-8 spermatids, intensifies during spermatid elongation, and peaks during the maturation phase of spermiogenesis, precisely the time when ODF growth is maximum and a copious ODF protein supply is present [36] . Another attribute in common between CRES and ODF proteins is their presence in the CP [34] . Although the cytoplasmic lobe was intensely immunoreactive for CRES during the maturation phase, reminiscent of immunoreactivity obtained for ODF proteins, a notable difference was that CRES appeared more diffusely distributed and not concentrated in granular bodies, as some ODF proteins that have been previously characterized [33] .
A previous report by Syntin and Cornwall localized CRES to the acrosome [24] , yet both this study and a recent one by Parent et al. [35] were not able to show acrosomal labeling in either spermatozoa or spermatids using light and electron microscope immunolocalization. Similarly, unlike the present work, the previous study [24] was unable to show CRES localization in the sperm tail by either light or electron microscopy. Despite using similar preparations of CRES antibody, in all studies different isolation, extraction, and fixation methods were used that likely contributed to the differential localizations in spermatozoa. Indeed, CRES localization in the acrosome was recently confirmed by its detection in isolated acrosomal matrices by Western blot and nano-liquid chromatography-tandem mass spectrometry analysis [23] . We believe that there are multiple populations of CRES in spermatozoa, including that in the sperm acrosomal matrix and in the ODFs, and that, depending on the cellular localization, different conditions are required to expose the epitope to the antibody for detection. Furthermore, the cellular localization of CRES may also affect its stability during the isolation and extraction procedures. For example, by virtue of their functional role in fertilization, numerous acrosomal proteases are activated in cauda epididymal spermatozoa when extracted in nonionic detergents at pH 7.4, and, despite the presence of protease inhibitors, proteolysis of acrosomal proteins, including that of CRES, can occur (Cornwall and Guyonnet, unpublished observations). CRES has also been shown to aggregate in vitro and in vivo and forms highmolecular-mass amyloid structures [37] [38] [39] , which could result in anti-CRES reactive epitopes being hidden, a phenomenon seen in other amyloid-forming proteins [40, 41] . Thus, the proportion of CRES that is present in amyloid structures and that which remains monomeric may vary between cellular localizations within the spermatozoon, possibly reflecting various functional states of the protein but also likely affecting its ability to be detected. CRES's insolubility and tendency to precipitate in vitro unless harsh denaturing conditions are met are another two features it has in common with ODF proteins and well as amyloid-forming proteins [42] .
The testis expresses similar-sized glycosylated and nonglycosylated CRES isoforms, as found in caput epididymal spermatozoa [28] , and glycosylated and nonglycosylated CRES is also found in testicular spermatozoa obtained from the rete testis [24] . During spermiogenesis, the Golgi apparatus of spermatids has been shown to contribute glycoproteins not only to the acrosome, but also to multivesicular bodies, the general cytoplasm, and the plasmalemma [43] . Therefore, the lack of anti-CRES immunoperoxidase staining of the Golgi apparatus in round spermatids does not preclude Golgi-derived CRES glycosylation later on in spermiogenesis. We identified a nonglycosylated CRES isoform in the ODFs of cauda spermatozoa, but the fate of the glycosylated CRES isoforms present in rete testicular and caput epididymal spermatozoa and fluid remains unresolved. Glycosylated CRES isoforms may be 
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shed from spermatozoa during epididymal transit or rendered undetectable by our techniques, possibly because of their preferential transition to highly stable amyloid structures, leading to nondetection in cauda spermatozoa. Shedding would imply a sperm-surface localization of glycosylated CRES isoforms. However, although glycoprotein modifying enzymes secreted by the epididymal epithelium have been shown to modify the sperm surface [44] and CRES endocytosis in the epididymis has been suggested by previous studies [28, 35] , no visualization of a surface localization has been detected by this study or others [24, 35] .
The present study reveals several new insights into the potential roles CRES may play in reproduction and fertility. Spermatozoa from Cres À/À mice have been shown to exhibit reduced ability to undergo progesterone-induced acrosome reaction because of capacitation, but not calcium ionophore A23187-induced acrosome reaction, and exhibit a decreased ability to undergo protein tyrosine phosphorylation during capacitation, as compared to spermatozoa from Cres þ/þ [22] . The molecular pathways relevant to capacitation may thus be regulated by factors present as early as those present in the germ cell cytoplasm in spermatogenesis. A significant but small motility deficiency in spermatozoa from Cres À/À mice may help explain some of the fertilization deficiencies seen in vitro, which include reduced ability to bind to the zona pellucida, fuse with the egg plasma membrane, and undergo capacitation-induced tyrosine phosphorylation [22] . Because ODF-associated CRES is present in spermatozoa in the cauda epididymis, the in vitro capacitation defect seen in spermatozoa from Cres À/À mice may be partially due to CRES's absence from the ODFs in addition to its absence from the sperm acrosome. Because of its ability to form amyloid, it is possible that CRES in the ODFs may also be in an amyloid structure, as we believe occurs in the acrosome. Together with other proteins, it may help form a scaffold structure that is critical for the organization of important signaling molecules allowing appropriate cell signaling during capacitation.
CRES has also been shown to inhibit the serine proteases prohormone convertase [21] , and prohormone convertase 4 [45] . Furthermore, the serine protease prohormone convertase 4 has been implicated in sperm protein tyrosine phosphorylation in vitro [45] . CRES's serine protease inhibitory ability may somehow take part in the signaling pathways leading to sperm protein tyrosine phosphorylation [46] . The discovery of CRES in the ODFs of spermatozoa is novel and may shed new light into the function of cystatins in sperm maturation and fertilization.
